In this study, a facile approach to fabricate a novel bio-based hybrid (BBH) with core/shell structure is presented by taking advantage of plant-derived resources. The BBH developed herein comprises of an inorganic core of ammonium polyphosphate (APP), covered with an organic shell that is constructed via layer-by-layer assembly of a novel bio-based polyelectrolyte (BPE) and branched polyethylene imine (bPEI).
Besides, the BPE contains abundant pendant carboxyl group, which is a polyanion in water. The negatively charged BPE and positively charged branched polyethylenimine (bPEI) were consecutively deposited on ammonium polyphosphate, which is a widely used flame retardant additive on its own or as an acid source in intumescent system, 18 through electrostatic interactions via LbL method. The polycation bPEI can serve as both the polycation and the blowing agent source in a intumescent system, 19, 20 The as tailored organic-inorganic hybrid flame retardant would on one side bring enhanced flame retardant efficiency owing to the tunable formulation of individual component through adjusting the layer numbers and on the other serve as a shell to improve the compatibility between the flame retardant and the matrix resin. The influence of the BBH on the flame retardancy and tensile properties of PLA was studied.
Experimental

Materials
1M NaOH and 1M HCl, respectively, equilibrating for 12 h under constant agitation.
The resulting 732 hydrogen-form cation exchange resin was washed with deionized water and then packed in a 10 cm length of glass column (5.0 mm i.d.) and furnished with glass wool at both ends to retain the resin inside. Ammonium polyphosphate (APP, P%= 31.0～32.0 wt%, degree of polymerization (DP)> 1000) was purchased from Hangzhou JLS Flame Retardants Chemical Co., Ltd (China). Branched polyetheylenimine (bPEI) (Mn=10 000 g/mol) was purchased from Aladdin-reagent (China). All other materials were A. R. grade and used as received.
Scheme 1. Synthesis route of BADA and BPE
Synthesis of 2,2'-bimethylaminemethylene-4,4'-diphenolic acid (BADA)
The synthesis route of the monomer 2,2'-bimethylaminemethylene-4,4'-diphenolic acid (BADA) is depicted in Scheme 1 (a). A 250 mL round-bottomed flask with a mechanical stirrer, a nitrogen inlet and a reflux condenser device was equipped, into which DPA (14.3 g, 0.05 mol), ethanol (100 ml), aqueous solutions of dimethylamine (20.5 
Synthesis of BPE
The BPE was prepared through the polycondensation between BADA and PPDC, as 
Fabrication of BBH
The process for fabricating the bio-based hybrid (BBH) via LbL assembly is presented in Scheme 2. 2.0 g APP powder was dispersed evenly in deionized water to form a suspension (5 wt %) by mechanical stirring. Then, 40 mL of the bPEI aqueous solution (pH 9) was added into the APP suspension, and the adsorption process was allowed to proceed for 2 min with constant stirring of the mixture. Then, the particles were isolated by centrifugation. In a washing step, 60 mL of deionized water was added. The particles underwent two centrifuge/wash cycles before the addition of the next layer. For absorption on another layer, 40 mL of the BPE aqueous solution (pH 3) was added, followed by the same washing protocol. The procedure was repeated until two bilayers of PEI/BPE were constructed. 
Measurements
1 H NMR and 13 C NMR spectra were recorded on a Varian Unity Inova spectrometer (500 MHz) (Advance2B, Bruker, Germany). Scanning electron microscopy (SEM) was performed using a Hitachi S-4800 field-emission scanning electron microscopy, operated at 3 kV. Prior to analysis, the specimens were gold-sputtered for 1.5 min under a high vacuum to increase the conductivity. X-Ray photoelectron spectroscopy (XPS) was carried out using a Thermo ESCALAB 250 spectrometer. and enthalpy of melting (ΔHm). The crystallinity, Xc of PLA was determined using eq 1 as follows:
( 1) where is the mass fraction of PLA in the composites, and is the enthalpy of fusion for the 100% crystalline PLA, taking the value of 93.7 J/g from the literature. 21 
Results and Discussion
Synthesis and Characterization of BADA and BPE
The novel monomer BADA was prepared using DPA, formaldehyde, and dimethylamine via Mannich reaction. The tailored BADA structure on one hand increases the solubility of the target BPE in water due to the interaction between the pendant carboxyl group and amine 1 H NMR and 13 C NMR spectra of BADA are shown in Fig. 1 (a) and (b), respectively. Compared with the 1 H NMR spectra of DPA shown in Fig. 1 (a'), the new peak appeared at 3.48 ppm was assigned to the methene confirm that the BADA is a single pure substance. Seen from the16.13 ppm could be assigned to the chemical shifts of phosphorus in the repeated unit of BPE. And the peaks at 13.47 ppm were attributed to the phosphorus in the terminal groups. Moreover, the integral area ratio of these peaks (16.13:13.47) was 5.6:1, indicating the polymerization degree of BPE is 5-6. In this section, the thermal stability of BPE was studied by TG performed in N2
atmosphere, and the released gas products of BPE during thermal degradation under N2 atmosphere were characterized by TG-FTIR technique as well. shows the FTIR spectra of evolved gas product at different temperature during thermal decomposition. Based on the curves listed in Fig. 3 (b) , the decomposition products of BPE involved H2O (3670 cm 
Flame retardant properties
In this section, vertical burning rate (UL-94), limiting oxygen index (LOI) test and cone calorimetry were performed to investigate the influence of BBH on flame retardant performance of PLA. The results are shown in Table 1 . Fig. 6 , it was observed that negligible char layer was formed for 95PLA/5BBH and 90PLA/10BBH after the LOI test, suggesting that the gas phase mechanism may be mainly responsible for the increased LOI values. As for 85PLA/15BBH, abundant foam-like char layer was formed on the surface of the specimen, which acts as barrier to slow down the heat and fuel transfer. Thus, obviously increased LOI value for 85PLA/15BBH was attributed to the cooperation of both condensed phase and gas phase flame retardant mechanism. Moreover, the CO/CO2 ratio as a function of time during cone calorimetry experiments is an indicative parameters to reveal the flame retardant mechanism. 25 Relevant data is shown in Fig. 7 . More interesting still, the results manifest that CO/CO2 ratios of PLA/BBH composites are improved significantly with the increased BBH loading content over neat PLA. Such increment in CO/CO2 yield is a typically demonstration of the incomplete combustion. Thus, the gas phase mechanism is an indispensible aspect to achieve the efficient flame retardant performance. 
Thermal degradation behavior of PLA and PLA/BBH
The effect of BBH on the thermal degradation behaviors of PLA was studied by means of TGA and TG-FTIR techniques. Fig.9 presents the TG and DTG curves of neat PLA and its flame retardant composites with different BBH loadings. The temperature at 5% mass loss (Tonset), maximum decomposition temperature (Tmax) and the char residual weight at 600 °C are shown in Table 2 .
It can be observed that neat PLA shows Tonset at 344 o C, as for flame retardant PLA, the Tonsets decrease gradually with increased loadings of BBH, which is ascribed to the earlier thermal degradation of the BBH. Based on the DTG curves, no obvious change for the Tmax between neat PLA and PLA/BBH composites is observed. While, the degradation rate is depressed with increased loading content of BBH in PLA matrix as evidenced by the DTG curves. The formed char is responsible for the decreased weight loss rate through barrier effect, e.g, the 85PLA/15BBH displays a residue weight of 11.2 wt%, indicating the enhanced char-forming ability by the inclusion of BBH. To further study the influence of BBH on thermal degradation action for PLA, TG-FTIR technique was employed to study the evolved gas product of PLA and 85PLA/15BBH during thermal decomposition process. Fig.9 (a) and (b) present the 3D images of evolved gaseous products of PLA and 85PLA/15BBH, respectively, during the TGA test in N2. It is obvious that the main degradation products for 85PLA/15BBH did not change too much compared with those of neat PLA. However, there is a significant decrease of the peak appeared at 1242 cm -1 (C-O stretching) for PLA after the BBH was incorporated. To compare quantificationally, the intensities of total IR absorbance and peak at 1242 cm -1 versus temperature were separately shown in Fig. 9 (c) and (d) . The remarkable decrease of this peak in the gas phase indicating that most of C=O containing component participate in the char formation. In this process, the amounts of carbonyl compounds (shown in Fig. 9 (e)) and carbon monoxide (shown in Fig. 9 (f) ) increased whereas the amounts of ether compounds decreased. 
Mechanical properties
The typical stress-strain curves for PLA and PLA/BBH composites are presented in Fig. 10 . And the detail data of the measured tensile properties are provided in Table 3 .
Neat PLA is a rigid material that deforms in a brittle fashion. No obvious yield can be observed during tensile test and the elongation at break is only about 8.5%, consistent
with the results reported in the literatures. 26 Interestingly, the incorporation of BBH at contents of 5 wt% and 10 wt% induced a distinct yielding and stable necking development of the PLA matrix. The elongations at break for 95PLA/5BBH and 90PLA/10BBH reach 24.3% and 28.2%, respectively. With further increase of BBH loading content to 15 wt%, the fracture of the composites happens earlier during tensile deformation with the elongation at break dropping to 8.5%. It is seen that elongation at break increases immensely with BBH content first and then drops with excess BBH, which gives an optimum BBH content, that is, 10 wt %. The Young's modulus and tensile strength of the composites suffer reductions with increasing BBH content, nevertheless, the merits of rigidity of PLA matrix are not impaired isignificantly by the inclusion of BBH. For instance, the Young's modulus for 90PLA/10BBH decreases to 1.3 GPa (1.5 GPa for neat PLA) and tensile strength decreases to 41.7 MPa (47.1 MPa for neat PLA), the impaired mechanical properties is minimal enough. 
Toughening mechanism
The crystallization behaviors of the polymer matrix and compatibility between the multiphases in the solid state are crucial factors that determine the mechanical and thermal properties of semi-crystal polymer. 28 Thus, DSC measurement was performed to study the crystallization behaviors of the PLA in the composites and compatibility with the BBH particles. The DSC curves are shown in Fig. 11 ,and Table 4 In view of molecular structure of BPE, in which abundant carboxyl (-COOH) exist in the pendant group. The large amounts of carbonyl group on the shell of BBH may react with the terminal group of the PLA or absorb the PLA molecule to the surface of the hybrid through hydrogen bonding during the melt process. 29, 30 Consequently, a hydrogen-bond induced cross-linked network is formed around the BBH particles, which restrain the chain movement activity of PLA nearby the BBH particles.
It is widely recognized that a strong interfacial interaction between the fillers and polymer matrix normally leads to low toughness because the stress cannot be relieved via interfacial debonding 31 . However, low interfacial adhesion inducing immiscibility or totally phase segregation is not favor for the tensile strength. In this work, improved toughness was achieved, and the tensile strength was not seriously deteriorated at the same time. Accordingly, an ideally good interfacial adhesion between PLA and BBH is mainly responsible for the good balance of the mechanical properties of the composites. Previous research suggested that the brittleness of PLA is due to the low entanglement density as amorphous PLA deforms in a brittle fashion because of the lack of energy-absorbing events during the crack propagation 32 . As for PLA composites containing 5 wt% and 10 wt% BBH, inclusion of the BBH in the PLA matrix has shown great toughness, because the BBH induced network could also supply many sacrificial bonds that could break and dissipate a significant amount of energy 33, 34 . Notably, these composites display an initial strain softening after yielding and then underwent considerable cold drawing. During this process, there exists a competition between craze formation and shear yielding. There is a drop in stress with increasing strain beyond the yield point of 6% strain. After the strain of 12%, only cold drawing dominates with constant stress. This phenomenon suggests an occurrence of large energy dissipation, similar to the work using hyperbranched polymer 35 and PLA graft-copolymersprocess, the plastic yielding of the PLA molecule around particles and subsequent void formation, as well as the interference of the BBH particles during crack propagation. Such crack deflection and crack pinning are responsible for the improved ductility. So both the debonding of BBH induced networks and increased craze plasticity around the particle, leading to decrease in brittleness. Nevertheless, 85PLA/ 15BBH shows a brittle behavior in the tensile test. Wu 37 first proposed that there is a minimum confinement length governing the onset of ductility of polymer composites.
The confinement is usually characterized by a critical distance between neighboring dispersed particles known as the critical matrix ligament thickness. It is stated that if the average matrix ligament thickness is below the critical value, the blend could be tough, and if it is above the critical value, the blend could be brittle. In case of 85PLA/15BBH, as more additive is added, the ligament thickness may be above the critical value.
The schematic illustration of the debonding and void formation mechanism during the drawing process for PLA/BBH composites is shown in Fig. 12 . To further study the tough mechanism, the fracture surface of the tensile specimens were studied by SEM. 
Conclusions
In conclusion, a bio-based polyelectrolyte (BPE) was synthesized utilizing diphenolic acid. Using so obtained BPE, bPEI and APP, we have developed a useful method to fabricate a core/shell flame retardants via LbL assembly method. The flame retardant was efficient enough to achieve UL94 V0 rating for PLA at a loading content of 10 wt%. Cone calorimeter and TG-FTIR indicate that the flame retardant performance was ascribed to joint effect of gas and condensed phase mechanism.
More interestingly, the flame retardant PLA shows improved toughness relative to the neat PLA. So far, undoubtedly, this should be a pioneering work and green approach for preparing flame retardant PLA with enhanced toughness.
